for comments on an earlier version of the manuscript. We thank Kermlt Rltland for providing the most recent version of his mating system programs. 1997:88:325-329; 0022-1503/97/S5.00 Enzyme electrophoresis was used to Investigate aiiozyme diversity and outcrossing rates In a population of Trillium erectum and T. grandiflorum from central New York. Enzyme polymorphisms were observed for 11 of 14 and 7 of 13 loci examined in T. erectum and T. grandiflorum, respectively. Percent polymorphic loci (P), mean number of alleles per locus (A), and mean expected heterozygosities («.) were greater In T. erectum {P = 78.6%; A = 2.48; H. = 0.220) than in T. grandiflorum (P = 43.6%; A = 2.18; H. = 0.130). Neither species showed a net excess nor deficiency of heterozygotes as measured by fixation Indices. These levels of aiiozyme diversity are more typical of species with outcrossing breeding systems than species with selflng breeding systems. A mating system analysis revealed that outcrossing is high In T. grandiflorum (^ = 0.761 ± 0.076; x ± SD). In contrast, the selflng rate In T. erectum was nearly 57% (^ = 0.423 ± 0.093) more typical of a species with a mixed-mating system. Nevertheless, these data strongly challenge the view that selflng breeding systems are typical of all North American species of Trillium.
Ecology and life-history characteristics of plant species significantly affect the level and distribution of aiiozyme diversity (Hamrick and Godt 1989; Hamrlck et al. 1979; Loveless and Hamrick 1984) . Of these traits, breeding system and geographical range account for nearly 61% of the population genetic diversity that can be explained by life-history variation (Hamrick and Godt 1989) . For example, species with predominantly outcrossing breeding systems generally have higher levels of genetic variation and observed heterozygosity and exhibit less genetic differentiation than species with selfing breeding systems. Nevertheless, selfing species can maintain genetic variation within large populations as long as selection does not favor certain homozygous forms (Jain 1976) .
Low levels of chromosome and aiiozyme diversity appear to be associated with selflng breeding systems in several species of Trillium. Fukuda (1987) suggested that low chromosomal variation Is the result of the autogamous breeding system that is present in many Trillium species from North America. Indeed, aiiozyme polymorphisms reported for the autogamous species T. niuale were low within populations and within the species (Bayer et al. 1987 ). Similarly aiiozyme variation was low in populations of T. sessile, which like T. nivale occupies historically glaciated regions of eastern North America (Whitkus et al. 1987) . Furthermore, Fukuda and Grant (1980) showed that karyotypic variation was low within and among populations of T. grandiflorum (Michx.) Salisb. in the Great Lakes region. Fukuda and Grant (1980) asserted that autogamy occurs in T. grandiflorum because the stigma comes in direct contact with the anthers. It appears that self-pollination may also occur in T. erectum L (Davis 1981) , which is sympatric throughout the range of T. grandiflorum.
If the breeding systems of T. erectum and T. grandiflorum in northern populations are predominantly selfing, then low levels of genetic variation should be observed within populations (Hamrick and Godt 1989) and a deficit of heterozygotes should be observed within polymorphic populations (Hedrick 1985) . In addition, we would predict that a mating system analysis will reveal that outcrossing events are rare in natural populations. This study investigated levels of aiiozyme diversity and outcrossing rates in a sympatric population of T. erectum and T. grandiflorum from central New York. The aiiozyme investigation will permit a more direct examination of the population structure and mating system analysis than could be accomplished using karyotypic variation.
Materials and Methods

Population Locations and Sampling Strategy
We sampled leaves from a total of 126 individuals of T. erectum and 180 individuals of T. grandiflorum from a population in Cortland County, New York. This population is located within the Great Lakes region and is approximately 30 km from the Ludlowvllle population sampled by Fukuda and Grant (1980) for their karyotypic survey of T. grandiflorum. Leaves were collected from three subpopulations in mesic deciduous woods. Each subpopulation was separated by 100-200 m. Sixty leaves of T. grandiflorum and 42 of T. erectum were sampled from each of the subpopulations. A total of 24 fruits from T. erectum and 31 fruits from T. grandiflorum were sampled from one of the subpopulations for a mating system analysis.
These large Trillium populations occupied the south-facing slopes of a beechmaple forest in central New York. Dominant herbaceous perennials associated with the Trillium populations included Claytonia virginica, Dicentra canadensis, Podophyllum peltatum, and Asarum canadense. Leaf collections were obtained during peak flowering to ensure proper identification of species. Approximately 5% of the individuals in populations of T. erectum had cream-colored petals rather than the usually observed maroon petals. These individuals, however, were readily identified as T. erectum because of the large maroon-colored ovary.
Electrophoretlc Procedures
Protocols for enzyme extractions, horizontal starch-gel electrophoresis, and most stain recipes were followed as described by Broyles and Wyatt (1990) . A total of 14 isozymes were scored for both T. erectum and T. grandiflorum leaves using horizontal starch-gel electrophoresis. A morpholine citrate buffer system (pH 6.1; Clayton and Tretiak 1972) Werth (1985) .
Elaiosomes were removed from seeds prior to enzyme extraction, because the elaiosome is maternal tissue. Enzymes were extracted from the elaiosomes of each seed family to serve as a standard on the gels. Seed and elaiosome isozymes were scored consistently with leaf isozymes. Adh-1 was, however, scored on seed tissue and the maternal genotype was inferred from elaiosome tissue.
Trillium isozymes expressed phenotypes that were consistent in subunit structure and interpretation with most isozyme studies of diploid plants as documented by Gottlieb (1982) and Weeden and Wendel (1989) . Stain intensities of heterozygote phenotypes from seed tissue were often unequal and skewed toward maternal allozymes. This dosage effect is probably due to the predominance of triploid endosperm in Trillium seeds (Dyer 1963) .
Allozyme Statistics
The statistics of allozyme diversity included the percentage of polymorphic loci (P), the mean number of alleles per polymorphic locus (A P ), mean observed heterozygoslty (//J, and expected heterozygoslty (//J. Wright's (1922) 
where F=(H C -HJ/HJ was calculated for each polymorphic locus within populations to measure deviations from expected heterozygosity. Chi-square tests were used to test for significant deviations from Hardy-Weinberg expectations (F = 0) (U and Horvitz 1953). In addition, the proportion of the population genetic diversity found among subpopulations (G^,) was calculated following the equations of Nei (1973 Nei ( , 1977 .
Estimation of Outcrosslng Rates
A mating system analysis was performed on seeds collected from 23 and 31 mature fruits from a subpopulation of T. erectum and T. grandiflorum, respectively. A total of 10 seeds were removed from each fruit and prepared for electrophoresis by the protocol described above. Fruits of T. erectum and T. grandiflorum average 54.2 and 32.8 seeds, respectively. In addition, leaf tissue was collected with the fruits to compare maternal genotypes of all plants. Outcrossing rates were estimated using the multilocus estimation program (MLTR) that is a revision of the MLT program developed by Ritland (1990) . We used MLTR to estimate four parameters of the mating systems of T erectum and T. grandiflorum. The Newton-Raphson method was used for the maximum likelihood estimation of the multilocus outcrossing rate (/"); the single-locus outcrossing rate (Oi which was averaged across loci; the correlation of outcrossing within families (rj; and the correlation of outcrossed progeny within families (r^. Pollen and ovule allele frequencies were estimated separately in the calculation of outcrossing rates. The multilocus procedure is more efficient at detecting outcrossing events than single-locus models and permits estimation of biparental Inbreeding (t m -t,; Ritland 1990). Standard errors for these parameters were calculated from 100 bootstrap estimates by resampling among families.
Results
Allozyme Diversity and Population Structure in T. erectum
Of the 14 genetic loci surveyed, 11 (78.6%) were polymorphic in all three subpopulations. Pgd-2, Pgi-1, and Pgi-2 were monomorphic. Across all loci, 31 alleles were detected. The highest number of alleles detected per locus was four for Mdh-1. Variation within subpopulations of T. erectum was relatively high (Table 1) . On average 76% of the loci were polymorphic with a mean number of alleles of 2.48 (Table 1). Mean observed heterozygosity within populations (H o = 0.218) was nearly equal to mean expected heterozygosity (tf e = 0.220). Genotypic frequencies in populations of T. erectum were in HardyWeinberg equilibrium. Of 33 fixation indices calculated for polymorphic loci in each subpopulation, 17 were negative, but only Skdh-1 showed a significant excess of heterozygotes in one subpopulation (F = -0.274; P < .01). Each subpopulation had at most one positive fixation index that showed a significant deficiency of heterozygotes.
Genetic differentiation (G^, = 0.025) was low among subpopulations of T. erectum (Table 2 ). This Indicates that over 97% of the allozyme variation was found in each of the T. erectum subpopulations. Chi- • Mean values as reported for population-level variation In Hamrick and Godt (1989) .
square tests of heterogeneity detected significant differences in allele frequencies between populations for 4 of the 11 polymorphic loci.
Allozyme Diversity and Population Structure in T. grandiflorum Overall, allozyme diversity in the population of T. grandiflorum was lower than allozyme variation in the population of T. erectum (Table 1) . Of the 13 loci, 7 (53.8%) were polymorphic across the three subpopulations. A total of 22 alleles were scored across all loci. The mean number of alleles per polymorphic locus was 2.18 (Table 1) . Observed heterozygosity (H o = 0.137) was slightly higher than expected heterozygosity (// e = 0.130) in T. grandiflorum, although both values were much lower than heterozygosities in populations of T. erectum. Of 17 fixation indices calculated for polymorphic loci in each subpopulation, 9 were negative, however, none of the fixation indices were significant. Thus genotypic frequencies do not depart from Hardy-Weinberg expectations.
Genetic differentiation (G^ = 0.024) was low among subpopulations of T. grandiflorum. In fact, genetic differentiation in T. grandiflorum was equal to genetic differentiation in T. erectum (Table 2) . Chisquare tests of heterogeneity detected significant differences in allele frequencies between populations for only one of the seven polymorphic loci.
Outcrosaing Rates
Multilocus outcrossing rate was nearly twice as great for T. grandiflorum as for T. erectum (Table 3 ). Nearly 76% of T. grandiflorum progeny were the result of outcrossing events (t m = 0.761). Two of the 31 seed families had outcrossing rates lower than 20%. In contrast, 57% of the seeds produced by T. erectum were the result of self-fertilization (t m = 0.423), and there were large differences in outcrossing rates among families of T. erectum. Although 12 of the 23 T. erectum seed families had outcrossing rates lower than 20%, all the seeds examined in five fruits were the result of outcrossing events. Biparental inbreeding was detected as a positive difference between t m and t, in T. erectum and T. grandiflorum. This observation suggests that local genetic structure may exist within the subpopulations of T. erectum and T. grandiflorum, which enhances the likelihood of matings between related individuals.
Correlations of outcrossing (r,) and outcrossed progeny (r^) were significant for both T. erectum and T. grandiflorum. The correlation of outcrossing in progeny pairs within fruits was higher in T. grandiflorum (r t = 0.61) than in T. erectum (r, = 0.47). The correlation of between outcrossed progeny within fruits was 89% and 99% for T. erectum and T. grandiflorum, respectively. These high values indicate that outcrossing events are correlated within fruits and that the effective number of paternal mates is low within fruits.
Discussion
Levels of allozyme variation in T. erectum and T. grandiflorum from central New York are more typical of species with outcrossing rather than selfing breeding systems (Hamrick and Godt 1989) . On average, populations of outcrossing, animal-pollinated species are polymorphic at 36% of their loci and have an expected heterozygosity of 12.4% (Table 1) . Population-level diversity was great for T. erectum. The population was polymorphic at 79% of the loci surveyed and expected heterozygosity was 22%. In contrast, allozyme diversity in T. grandiflorum (P = 43.6%; //. = 13%) was lower than T. erectum, but was still higher than expected based on average values for outcrossing species. The number of alleles per polymorphic locus was 2.5 and 2.2 for T. erectum and T. grandiflorum, respectively, which is almost double the expected value of 1.2 for spe- (2) • -P < .050, **=/>< .010, ***=/>< .005.
cies with outcrossing breeding systems (Hamrick and Godt 1989) .
These high levels of allozyme diversity are not typical of other Trillium species sampled in glaciated regions of North America. Enzyme polymorphisms were observed in only 15.8% and 20% of the loci examined in T. sessile (Whltkus et al. 1987) and T. nivale (Bayer et al. 1987) , respectively. Observed heterozygosity also was significantly lower than expected for populations of T. nivale (Bayer et al. 1987) . Presumably genetic drift and inbreeding have strongly affected T. nivale and T. sessile, which commonly exist as small, isolated populations. In contrast, genetic drift is unlikely to affect the genetic structure of populations of T. erectum and T. grandiflorum. These species are common throughout rich deciduous woods in southern Canada, New England and New York south through the southern Appala- Low chromosomal variability has been observed for species of Trillium occupying glaciated regions of North America. Fukuda and Grant (1980) observed that variation in chromosome banding patterns in T. grondiflorum decreases along a transect from the southern Appalachians northward through the Great Lakes region. They speculated that the breeding system of populations in the Great Lakes region has shifted from an outcrossed, insect-pollinated system to a system dominated by autogamy. Three of their populations with low chromosomal variability were sampled from New York. The Ludlowville population, which showed low variation, is less than 30 km from our populations. Furthermore, T. grandiflorum appears to be mostly self-incompatible in populations from central Michigan (Kalisz S, personal communication) and central New York (Broyles SB, unpublished data) . Clearly, allozyme diversity, fixation indices, and the mating system analysis of T. grandiflorum argue against their hypothesis that all Great Lake populations are autogamous, Inbred, and genetically depauperate.
Subpopulation genetic differentiation was lower for T. erectum (G^, = 0.024) and T. grandiflorum (£& = 0.025) than would be expected for species with selfing breeding systems and ant-dispersed seeds. In selfing species, genetic drift and reduced gene flow are likely to increase genetic divergence between populations (Hamrick and Godt 1989) . In addition, restricted seed dispersal may have a strong impact on the population structure in Trillium. Seed dispersal of both species is accomplished primarily by ants, which carry seeds from fallen fruits to their nests where they remove the nutritious elaiosome and discard the seed (Gates 1940) . In T. tschonoskii, another myrmecochorous species, dispersal distances were short, with most seeds being dispersed less than 1 m from the plant (Higashi et al. 1989 ). In our populations, Trillium seedlings and juvenile plants do appear to have a clumped distribution. It is difficult to determine, however, whether this dispersal pattern is due to correlated dispersal events or germination and growth of nondispersed fruits. In any event, smallscale genetic structure is likely to develop within these populations given that seed dispersal distances by ants are short.
Localized genetic structure and frequent pollen dispersal between neighbors may account for the greater biparental inbreeding observed in T. grandiflorum Q mt. = 0.192 ± 0.061). We collected leaves at interplant distances of greater than 1 m and all samples within a subpopulation were collected in areas less than 100 m 2 . Furthermore, T. grandiflorum grows at high densities (approximately 40 flowering plants/m 2 ) in these subpopulations and detection of small-scale genetic structure is beyond the resolution offered by our study.
North American species of Trillium are thought to be largely self-compatible and several species are capable of autogamy (Fukuda 1987) . Apomlctic seed set seems to be restricted to T. undulatum and does not occur in T. erectum and T grandiflorum (Swamy 1948) , as reported erroneously by Jeffrey and Haertl (1939) . Rowers of T. grandiflorum are protandrous, but autogamy can occur when elongating stigmas reflex and contact the anthers (Fukuda and Grant 1980) . Nevertheless, more than 76% of the seeds produced by T. grandiflorum resulted from cross-fertilization. This high outcrosslng rate is surprising because the flowers are infrequently visited by insects and fruit set is low (approximately 40%) in naturally pollinated flowers (Lubbers and Lechowicz 1989) . This low level of fruit set in nature suggests that frequent self-pollination probably does not Increase fruit production significantly.
The mating system of T erectum is enigmatic for a species with little potential for autogamy in the population. In general most plants of T. erectum produce a single flower In any given year (Davis 1981) . Thus the majority of self-pollinations will occur within rather than between flowers of T. erectum. Autogamy seems unlikely because stigmas rarely come in contact with dehiscing anthers. Furthermore, self-pollinations performed by hand on plants in the study population have failed to produce fruits (Broyles SB, unpublished data) . If T. erectum is self-incompatible, then self-fertilization might occur when self and outcross pollen are both present on the stigma. We are currently investigating the potential for a "leaky" incompatibility system in T. erectum.
It is unclear how an apparently panmictic population structure arises from high levels of selfing in T. erectum. Such disparity could result if selfed individuals were strongly selected against in early life-history stages. Seeds and seedlings of T. erectum and T. grandiflorum are known to experience strong selective pressures and high mortality during the critical stages of dispersal, germination, and establishment (Kawano et al. 1986 ). Furthermore, T. erectum and T. grandiflorum have a prolonged juvenile stage that may last 10-15 years (Davis 1981; Hanzawa and Kalisz 1993) . Thus selection against selfed progeny might operate quickly on seed germination and establishment, as well as gradually over the extended juvenile stages of T. erectum.
The high correlations of outcrossed progeny in T. erectum (r p = 0.89) and T. grandiflorum (r p = 0.99) indicate that the probability that outcrossed progeny are full-sibs is high. The effective number of mates per fruit, l/r p (Dudash and Ritland 1991) , was 1.01 for T. grandiflorum and 1.12 for T. erectum. Deposition of a single pollen load on a stigma from a single pollen source would give rise to a high correlation between outcrossed progeny and to a low number of effective mates per fruit. Given the apparent scarcity of pollinators in the central New York populations, deposition of multiple pollen loads from different sources seems unlikely. Correlated mating events are expected in species whose pollen Is dispersed in packages or pollinia such as milkweeds, orchids, and some legumes. Nevertheless, correlated matings also occur In species whose pollen is dispersed as loose grains and in which multiple paternity is expected within fruits (Dudash and Ritland 1991; Marshall and Ellstrand 1985) .
